Transcriptional repressor Snail is a master regulator of epithelial-mesenchymal transition, yet the epigenetic mechanism governing Snail to induce EMT is not well understood. Here we report that in pancreatic ductal adenocarcinoma (PDAC) elevated levels of the ubiquitin E3 ligase Ring1B and Snail along with elevated monoubiquitination of H2A at K119 (H2AK119Ub1) are highly correlated with poor survival. Mechanistic investigations identified Ring1B as a Snail-interacting protein and showed that the carboxyl zinc fingers of Snail recruit Ring1B and its paralog Ring1A to repress its target promoters. Simultaneous depletion of Ring1A and Ring1B in pancreatic cancer cells decreased Snail binding to the target chromatin, abolished H2AK119Ub1 modification and thereby compromised Snail-mediated transcriptional repression and cell migration. We found that Ring1B and the SNAG-associated chromatin modifier EZH2 formed distinct protein complexes with Snail and that EZH2 was required for Snail-Ring1A /B recruitment to the target promoter. Collectively, our results unravel an epigenetic mechanism underlying transcriptional repression by Snail, suggest Ring1A/B as a candidate therapeutic target, and identify H2AK119Ub1 as a potential biomarker for PDAC diagnosis and prognosis.
Introduction
Snail is a member of SNAG domain containing zinc finger proteins and a master regulator of epithelial-mesenchymal transition (EMT) and metastasis in various tumor types (1) (2) (3) . Snail can directly bind to the E-boxes of E-cadherin gene promoter to repress its transcription and convert normal epithelial cells into mesenchymal cell phenotype (4) (5) . Mechanistically, Snail recruits multiple repressive protein complexes involving histone deacetylation and methylation as well as DNA methylation to its target promoters and exerts its repressive function (6) (7) (8) (9) (10) . However, how these protein complexes are assembled at the target chromatin regions remains elusive.
Ring1A and Ring1B belong to the RING domain containing ubiquitin E3 ligase family and are crucial components of the polycomb repressive complex 1 (PRC1) by catalyzing monoubiquitination of histone H2A at lysine 119 (H2AK119Ub1) (11) .
H2AK119Ub1status is associated with gene silencing (12) , chromatin remodeling (13) , and X chromosome inactivation (14) . Genetic disruption of Ring1B in mice causes embryonic lethality due to gastrulation arrest and defective mesoderm formation (15) , which are reminiscent of the Snail null mice. Snail-deficient mouse embryos also die early in gestation, displaying defects in gastrulation and mesoderm formation (16) (17) .
The striking genetic evidence strongly indicates that Snail very likely correlates with Ring1B in regulation of gastrulation and mesoderm formation during embryo development.
A recent study found an elevated Ring1B expression in high grade pancreatic ductal adenocarcinoma (PDAC) (18) ; however, no biological and mechanistic studies on Ring1B were performed. In this present study, we report that Ring1A and Ring1B interact with Snail and are important co-regulators for Snail-mediated transcriptional repression and cell migration in pancreatic cancer cells. Snail enhances the binding of Ring1A and Ring1B to the promoter region of E-cadherin to increase H2AK119Ub1 at this locus, and an elevated Snail, Ring1B and H2AK119Ub1 modification in PDAC is highly correlated with poor prognosis.
Materials and methods

Immunohistochemistry (IHC) and tissues microarray (TMA)
IHC staining was performed as described (18) with specific antibodies against Snail, Ring1B or H2AK119Ub1. TMA chips that contain 90 cases of paired tumor and peri-tumor specimens were purchased (HPan-Ade180 Sur-01; ShGnghGi Outdo Biotech Company, China). All specimens spotted on TMA chips were well documented including complete post-operative fellow-ups for periods from 3 to 7 years. Tumor staging was evaluated according to the American Joint Committee on Cancer classification system (TNM). After IHC staining, all specimens were strictly evaluated by a senior pathologist and only those with a tumor content of more than 50% were considered as tumor samples and the peri-tissues showing sign of chronic pancreatitis were excluded, and total of 60 cases are qualified for further analysis.
Peri-tumor tissues were defined as that more than 1 cm distant from the tumor edge.
TMA chips were scanned by Aperio Scanscope XT and the whole field of each tissue spot was obtained for IHC evaluation. The immunoreactive score system (IRS) (19) (20) 
Cell culture and transfections. HEK-293T cells, pancreatic cancer cells PanC1and
AsPC1 cells were obtained from the American Type Culture Collection (ATCC) and were tested and authenticated by DNA typing at the Shanghai Jiao Tong University Analysis Core. The cells were maintained in DMEM supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and penicillin (50 U/ml)/streptomycin (50 μg/ml) at 37 under 5% CO 2 in a humidified chamber.
Transfection of PanC1and HEK-293T cells were performed using Lipofectamine 2000 as described (8) . The viral supernatants were generated in HEK-293T cells, and were infected into PanC1 and AsPC1 cells. Puromycin was added into the media to generate stable knock down of Ring1A and Ring1B in PanC1 and AsPC1cells. Fluorescence-activated cell sorting method (FACS) was performed to sort the cells stably expressing Flag-Snail.
Affinity purification of Snail interacting proteincomplex. A Flag-tagged, full-length Snail cDNA in the pcDNA3.1-vector was stably expressed in HEK-293T cells. Single cell clones were selected with G418 and screened by western blot assays using anti-Flag antibody. The method used for affinity purification was previously described (8) . A total of 5x10 9 cells were used for affinity purification, and the eluted proteins were resolved on 4-12% SDS-PAGE gels (Invitrogen) for western blot and colloidal staining analyses. The proteins were excised from the gel and identified by standard mass spectrometry.
Co-immunoprecipitation (co-IP), western blot, immunofluorecence and antibodies.
Plasmids encoding Flag-Ring1A, Flag-Ring1B, HA-Snail proteins were transiently expressed in HEK-293T cells and 24 hours post-transfection, cells
were lysed in buffer containing 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2.5 mM EDTA, 0.5% NP40, 0.1 mM PMSF and protease inhibitor cocktail. Method for total histones extraction was as described (12) .The whole cell extracts were precleared with protein A/G beads and co-IP assays were performed with either Flag or HA antibodies.
The methods used for western blot and immunofluorecence were previously described To further confirm the interaction of Snail with Ring1B, we attempted to detect the endogenous interaction. The endogenous Ring1B and Snail were readily detected by western blot assays using specific antibodies in PanC1 cells. Co-IP assays indicated Ring1B interacted with Snail at endogenous level ( Figure 2D ). Collectively, these data clearly demonstrate that Ring1A and Ring1B are novel Snail-interacting proteins.
Ring1A and Ring1B bind to the carboxyl tandem Zinc fingers of Snail
To identify the regions in the Snail protein that interact with Ring1A and Ring1B, To further determine if the RING domain contributes to the interaction with Snail, simultaneous mutation of the 66th histidine (H66A) and 69th cysteine (C69A) to alanines in Ring1A were made to disrupt the RING structure ( Figure 3D ). Co-IP assays showed that the double mutation of the key residues H66 and C69 of Ring1A resulted in loss of the binding activity to Snail (Figure 3D) , suggesting that the RING domain is critical for Snail binding. Similarly, mutation of H69 and C72 to alanines in the RING domain of Ring1B abolished its binding to Snail ( Figure 3E ). Further, we showed that mutations of these core amino acid residues in the RING domains did not change the subcellular localization of Ring1A and Ring1B proteins (S1). Taken together, these results demonstrate that the RING domains of Ring1A and Ring1B are required for their interaction with Snail. 
EZH2 and Ring1B form distinct complexes with Snail
To determine if EZH2, Snail and Ring1B form one functional complex, we co-expressed HA-Snail, Myc-EZH2, and Flag-Ring1B in HEK-293T cells and performed co-IP assays with Flag antibody. When these three proteins were coexpressed, Ring1B co-immunoprecipitated Snail, but not EZH2, indicating Snail, EZH2, and Ring1B do not co-exist in the same complex ( Figure 7A ). To further strengthen this observation, we performed size exclusion fractionation of whole-cell extracts prepared from HEK-293T cells expressing Snail, Ring1B and EZH2. EZH2 was eluted in a single peak (fractions 12-14), Ring1B was detected in fraction 15 and was peaked at fractions 16-17; Snail was eluted in one peak (fractions 12-16) ( Figure   7B ). These observations indicate that Snail forms two complexes, one with EZH2 and another one with Ring1B. Together, these data suggest that EZH2, Snail and Ring1B do not co-exist in the same protein complex; rather, EZH2 and Ring1B form two distinct protein complexes with Snail respectively ( Figure 7C ). PDAC specimens will help to obtain global understanding of Snail, Ring1B and H2AK119Ub1-dependent or independent repressive pathways.
A number of the SNAG associated histone modification complexes such as Sin3A-HDAC1/HDAC2, EZH2/SUZ12, LSD1-CoREST and Ajuba-PRMT5 have been identified (6) (7) (8) (9) (10) , but how these complexes are orchestrated and assembled at the target chromatin is largely unknown. Here we provided an example that how the SNAG associated EZH2 and the zinc finger associated Ring1A/B complexes cooperate at the target chromatin to regulate gene expression. EZH2 can trimethylate H3 at K27, which is required for Snail-dependent E-cadherin repression during cancer progression (22) (23) . Consistently, we showed that depletion of EZH2 in PanC1 cells results in loss of Snail-mediated repression on E-cadherin, and a concomitant decrease in the binding of Snail, Ring1A and Ring1B to the E-cadherin promoter, indicating that EZH2 functions upstream of Ring1A/B and promotes Snail to recruit Ring1A and Ring1B more efficiently at the E-cadherin promoter locus. This observation is well supported by previous findings that H3K27me3 is thought to involve in the initiation of gene repression and serve as a docking site for the recruitment of PRC1 proteins (26) (27) (28) (29) , whereby PRC1 is recruited to maintain the stable repression of genes.
However, one remaining question is that how exactly Snail/EZH2 and Snail/Ring1A/B complexes are recruited to the target promoters since these two complexes do not co-exist. Notably, we also observed that Snail occupancy at the target chromatin is affected by Ring1A and Ring1B, suggesting Ring1A and Ring1B may stabilize the Snail complex at the target chromatin. Although we showed that 
